Porous titanium specimens have been produced by means of the space holder method. Titanium grade 3 (TiCP3) has been used as material and ammonium bicarbonate as spacer. Process parameters (compaction pressure, metal grain size range and spacer volume) influence on porosity morphology and distribution and bending strength has been analysed. The results denote an important loss of strength when comparing samples sintered without and with spacer. On the other hand, a higher bending strength was observed in the porous samples with a smaller size of ammonium bicarbonate particles. Finally, the evolution of bending strength with the compaction pressure depends on the spacer volume, having a direct dependency for reduced amounts and inverse for higher contents.
Introduction
The excellent biocompatibility and mechanical properties of titanium and titanium alloys have promoted many applications in the field of biomedicine. Among others, it is nowadays being used in the manufacture of fixation systems for bone regeneration and replacement devices, like orthopedic prosthesis, dental implants and other devices as pacemaker housings. 1, 2 While metallic implants are in contact with bone, this is reconstructed by both the replacement of old bone in damaged areas and the growth of new osseous tissue. However, for this regeneration to take place in a healthy manner and therefore imparting enough strength to the joint, it is necessary to stimulate osteoblasts (i.e. those cells that regenerate bone) by application of some degree of stress. 3, 4 In fact, bone is a living tissue that reacts against external forces by strengthening. On the other hand, when either because of the implant design or the inherent properties of the biomaterial the implant is too stiff, bone does not regenerate itself in a suitable form, leading to its weakening and relaxation. [3] [4] [5] Despite the fact that titanium and its alloys show the best combinations of strength, ductility, elastic module and corrosion resistance of the metallic materials used as implants, 5 their Young's modulus (100-110 GPa) 6 is still very high in comparison to that of human bone (10-30 GPa). 6, 7 For this reason, the research trends in the last years have been to develop titanium porous components with the purpose of reducing stiffness as well as stimulate osseointegration. These new developments result in an improvement in the behaviour at the bone/metal interface. 4, 6 There are numerous manufacturing processes for producing porous titanium components. 6, [8] [9] [10] [11] [12] Among them, the space holder method is able to produce components with a high level of porosity (35-80%) distributed homogeneously throughout the volume. 12 Although there the porosity is reduced on the surface, the inner porosity allows a significant stiffness reduction. 6, 10 In this work, porous titanium grade 3 samples were produced by the space holder method. The effects of main process variables (compaction pressure, volume and spacer particle size) on bending strength and stiffness were investigated.
Experimental Sample preparation
Titanium powder produced by the hydride-dehydride process, with a particle size smaller than 45 mm (2325 mesh) was used. The reported chemistry of the alloy was Ti-0?04Fe-0?003Mn-0?02Mg-0?04Si-0?04/ 0?08N-0?3O-0?4/0?5H-0?017C. The pore former additive was ammonium bicarbonate, NH 4 Then, the different mixtures were uniaxially compacted at pressures of 100 and 200 MPa in a cylindrical die with an internal diameter of 25 mm. To eliminate the space holders and previous to the sintering cycle, the green bodies were heated in air at a temperature of 80uC during 21 h. Finally, all the samples were sintered at 1300uC for 2 h, in a vacuum furnace (10 22 -10 23 Pa). After sintering, the cylinders were cut in a precision cutting machine to extract bending specimens (longitudinal direction) and disc samples (transversal direction) for microstructural observation and determination of porosity.
Microstructure and porosity
After metallographic preparation, samples were observed with a stereoscopy, a metallographic microscope and a scanning electron microscope (JEOL JSM6300 with an INCA EDX detector, by Oxford Instruments Ltd). The interconnected porosity was determined by the Archimedes method, according to ASTM B328-96 (2003) .
Three point bending test
Bending tests were performed according to ISO 3325:2000 (ASTM E290-97a) standard using the three point method. Rectangular shaped samples of an average size of 2161065 mm were tested at room temperature, at a deformation rate of 0?5 mm s 21 using a distance between supports of 16 mm.
The maximum bending strength (flexural strength), was calculated by using equation (2) 
where P is load in N, L is distance between supports (16 mm), b is width (9?8¡4 mm) and h is thickness (5?23¡0?58 mm). Stiffness was evaluated measuring the slope of the stress-strain curve.
Results and discussion
Microstructure and morphology of pores Figure 1 shows a general appearance of the pore morphology of the samples. Two kinds of pores can be identified: spacer and matrix pores. Whereas the former are clearly produced by the decomposition of the space holder, the latter are formed because of the use of small compaction pressures.
As shown in Fig. 2 , some samples presented a homogeneous distribution of macropores (Fig. 2a) , while others showed an important pore coalescence and segregation (Fig. 2b) , as clusters of space holder pores appeared in specific regions. This effect can be attributed to significant density differences between the bicarbonate (1? (Figs. 1  and 2 ). These observations attest to the strength loss with low percentages of spacer.
Porosity, stiffness and bending strength Figure 3 shows the porosity and relative density variation versus the addition ammonium carbonate. As expected, porosity is higher as the content of ammonium bicarbonate is increased. However, very similar porosity values for the same percentage of spacer were obtained, independently of the spacer particle size range and compaction pressure. Furthermore, due to the contraction (y30 vol.-%) originated partially during the evaporation of the space holder and mainly during sintering, total porosity is lower than space holder volume fraction. Relative density (density of the porous material r divided by that of the solid material r s ) is higher than 0?3, so according to Asbhy 18 these materials cannot be considered as foams but highly porous components.
As expected, stiffness was reduced as spacer content increased and there was not a clear tendency in relation to macropore size, as seen in Fig. 4 . Stiffness of porous titanium containing porosities in the range of 20-60% was observed to vary from about 65 to 20% of the bulk sintered material, i.e. there is a clear inverse relationship. The lowest values of stiffness match those of human bone (cortical), 5, 7 which is of great importance to minimise stress shielding effect between implant and bone. According to Ashby, 18 relative Young's modulus is related to the relative density of foams by the following equation bulk value. This is in good agreement with the aforementioned fact that the authors are working in highly porous materials but not foams. The exponent value is close to that reported before by Bram 11 for similar materials but with different spacer size and characterised by compression testing. On the other hand, this value is much lower from that reported by Esen. 10 However, in that work titanium powder consisted of spherical particles leading to a reduced neck size after sintering, which lead to a higher influence of the relative density on stiffness, i.e. for a given relative density ratio, a much lower relative stiffness is obtained.
Again, bending strength decreases as porosity increases, as expected (Fig. 6) . There is also a significant strength loss between samples without spacer and with 30 vol.-% of ammonium carbonate. As reported elsewhere, 10, 11 this effect might be mainly motivated by the microporosity as well as imperfections in porous material such as the irregular geometry and surface roughness of the cells or non-uniform pore density, which may degrade stiffness but to a higher extent strength. In this case, the spacer size plays a role in the flexural strength. For a specific compaction pressure and spacer quantity, bending strength is higher for the smaller spacer particle size. This effect can be attributed to two different effects. On the one hand, smaller spacers allow a better distribution of titanium powder between the macropores, as shown when comparing Fig. 2a On the other hand, larger spacer particles cause a higher degree of springback after compaction. In fact, for lower spacer fractions, yield strength increases with the compaction pressure, due to a higher packing of the green compact, facilitating sintering. However, when the spacer amount is higher than 35-40 vol.-%, higher compaction pressures cause the deformation of the spacer particles reducing notch radius and increasing springback effects, that may lead to cracking. Again this effect is worse for bigger space holder particles (500-1000 mm) than for smaller ones (250-500 mm), where the aforementioned effect is observed for porosities higher than 29 and 37% respectively (Fig. 6 ).
Conclusion
In the present paper, porous TiCP3 specimens have been produced by the space holder method. The main process variables (compaction pressure, volume and spacer particle size) effects on bending strength and stiffness have been investigated. Results show that ammonium carbonate spacer particles provide a means to retain large pores in the titanium sintered body. By burning out the spacer particles before sintering, titanium samples with up to 60% porosity levels have been realised by a traditional powder metallurgy route. Bending strengths higher than 100 MPa and stiffness reduction up to 80% can be achieved, as required for bone substitute materials. An important conclusion is the effect of spacer size on flexural strength. It has been shown that there is a negative effect of compacting pressure as the size of the space holder is increased, inversely as one would expect in common sintering practices. Furthermore, this effect appears at lower porosities for the larger spacers.
